In the context of global warming, hydrological regimes in mountain areas are likely to be modified and will therefore result in significant impacts to the supply mechanisms for hydropower and other end-uses of water, both in the mountains themselves and in the lowland regions downstream. The main objective here is to attempt a fine and continuous analysis of the impacts of such changes on runoff and glaciers in a largely ice-covered catchment in the Swiss Alps: the Findelen watershed. The simulated daily discharge values have been obtained with a semi-distributed hydrological model called Routing System 3 (RS3.0). A stochastic weather generator has been used to generate a 110 year sequence of meteorological input data -described in a companion article -that have been further perturbed in order to simulate a progressively warmer climate by the end of the century. The amplitude of atmospheric change is suggested by regional climate model simulations, under the A2 greenhouse-gas emissions scenario. Results show at first an increase of discharge (19.4% in about 60 years) due to the rapid melt of the glacier, followed by a large decrease in runoff at the end of the period (−28% from the beginning to the end of the studied timeframe), primarily due to the depletion of the solid water reservoir. The glacier is indeed projected to lose 91% of its surface area. In parallel, a seasonal shift in flow patterns is also observed: the discharge values are high earlier in spring due to advanced snow and ice melt, while the rest of the curve flattens out.
Introduction
Switzerland is often considered as the water tower of Europe, as 56% of the Swiss electricity generation comes from hydraulic power plants, mostly located in the Alps (Swiss Federal Office of Energy, 2009). As a large part of precipitation is stored in the higher parts of the mountains in the form of snow and ice; water resources in this environment is very sensitive to climate variability and change (Beniston, 2000) . Moreover, the role of dams and reservoirs as a mean of flood control will also be affected by atmospheric modifications (Beniston, 2010) . It is therefore of prime importance to analyse the potential impacts of global warming on hydrological regimes in the Alps, since shifts in the seasonality of runoff and changes in discharge amount will have numerous implications for water management.
The topic of shifts in water regimes has been explored at international level, for instance by Jha et al. (2006) for the Mississippi River basin, or Hagg et al. (2007) for central Asia. In the Alps, potential changes in runoff in a warmer climate have also been analysed (Westaway, 2000; Middelkoop et al., 2001; Etchevers et al., 2002; Jasper et al., 2004) . The evolution of discharge in highly glacierized watershed areas related to climate warming has also been addressed in a few studies (e.g. Braun et al., 2000; Huss et al., 2008; Kobierska et al., 2011) . However, these works generally use a doubling of atmospheric CO 2 or linear shift forcing in weather data records for particular time snapshots (typically a mean of the 2071-2100 period) as a reference change of climate. Nevertheless, the day-to-day and year-to-year fluctuations in terms of meteorological variables can considerably influence glacier-fed runoff. This article aims therefore at investigating the evolution of water discharge for a warming climate at a higher temporal resolution and with a continuous simulation through to the end of the century.
Among the widely exploited and thus exposed watersheds in the Swiss Alps, this study focuses on one of the numerous highly glacierized sub-basins which constitute the Grande Dixence hydroelectric complex; the site of Findelen serves as a case study area. It is a particularly suitable catchment for such an analysis since the large ice-covered fraction of the area makes it very sensitive to atmospheric warming; indeed, in this region, temperatures have increased by over 1.5°C since 1900 (Beniston, 2003) . A conceptual hydrological model named Routing System 3.0 (RS3.0) is used to simulate water discharge. The calibration of the model and a detailed analysis of the simulated discharge of RS3.0 in a stable climate have been presented in a companion article (Uhlmann et al., 2012) . In order to undertake future projections of the various components of the water cycle, stochastic input data, created by a random weather generator, have been perturbed with the so-called 'delta disturbance method' (discussed further in this article) to simulate climate change. This methodology enables an uninterrupted estimation of runoff throughout the century, as mid-term and long-term values can also have considerable impacts on the hydraulic energy supply system. It also provides an investigation of the distribution of runoff in the course of the year, of flow amount and of changes in ice melt contribution to total runoff. As the hydrological model takes into account changes in glacier mass, the reduction of the ice thickness and surface areas are examined as well.
Data and methods
The Findelen basin is situated in the southern part of the Canton of Valais in the Swiss Alps (Figure 1 A stochastic weather generator (described by Perroud and Goyette, 2009; Uhlmann et al., 2012) to produce 110 year stochastic input of hourly temperatures (T sto ) and precipitation (P sto ) for the four meteorological stations. Both series are representative of the conditions recorded during the baseline climate period . In order to simulate future climate conditions, the stochastic datasets have then been perturbed with the delta disturbance method (López-Moreno et al., 2008; Perroud and Goyette, 2009; Uhlmann et al., 2009) from the median of the baseline climate period (1976) to the median of a so-called greenhouse climate period 2071-2100 (2086) . It follows the amplitude of climate change simulated by one of the regional climate models (RCM) used in the context of the EU 'PRUDENCE' project (Christensen, 2005) , the Danish HIRHAM model. The only scenario used here is the A2 scenario (IPCC, 2007) , which assumes high levels of greenhouse-gas emissions and thus a strong climatic response. The HIRHAM RCM has shown skill in reproducing contemporary climate in the Alpine domain (Beniston et al., 2007) . It should be emphasized here that this article is not aimed at looking at inter-model variability in terms of climate projections; hence, the use of just one RCM as the base for the scenario climate data is justified, since we are here establishing a methodology for a case study and not a range of predictions. The delta disturbance method consists in calculating the difference between the values of a meteorological variable in a greenhouse climate and the baseline climate simulated by the RCM. These deltas are computed for grid points closest to the research area for each month and for each decile (10th percentiles) of their respective probability density distributions. Therefore, 10 individual values of delta are produced per month; they are linearly added to the stochastic sets of input data starting from 1976 to 2086. The advantage of this method is that, it enables to reproduce small daily variations of atmospheric conditions in a warmer climate for a specific and complex topography and that it accounts not only for changes in the mean but also in the other different parts of the probability density function. It retains a high level of refinement which would not be possible with a commonly used procedure, namely uniform and constant shifts in temperature and percentage changes in precipitation. The temperature deltas are within the limits of global average annual warming (2.0-5.4°C for this scenario) published by the IPCC (2007). The precipitation differences have also been compared with the results of the averaged projected precipitation change of the PRUDENCE project (2007), showing an increase in wintertime precipitation (seasonal mean of 31%), a decrease in summertime precipitation (seasonal mean of −22%) and a slight increase in yearly precipitation (6%). The method can be described as follows for each weather station:
where in,i ∈ [T in , P in ] is the hourly meteorological parameters, sto,i ∈ [T sto , P sto ] is the 110 year stochastic data. λ, an empirical scaling parameter, is set to 0 in 1976 and increases linearly to 1 in 2086, in order to reproduce the evolution of the climate from the current to the future period. i is the monthly differences between the simulated future and baseline HIRHAM values. It has to be noted that the precipitation deltas have been applied only to the hours where precipitation occurred in the stochastic data set, assuming a stationary behaviour in number of wet days. The numerical hydrological model used in this study, RS3.0, has been made available by the engineering firm E-dric.ch (www.e-dric.ch). It is based on object-oriented programming and consists of snow, glacier, infiltration and runoff submodels (Hernández et al., 2007; Jordan, 2007) . It is an extension of the GSM-SOCONT Model . The watershed is separated into sub-basins, which are in turn divided into glacial and non-glacial elevation bands that can be parameterized individually. RS3.0 has proved to be successful in modelling water discharge (Schaefli, 2005; Schaefli et al., 2005; Jordan et al., 2008; Uhlmann et al., 2012) . It has been calibrated using observed data for the hydrological years 1982-1983 and 1985-1986 and then validated over the years [1987] [1988] [1989] [1990] [1991] [1992] . The ice velocity of the glacier and the ice degree-day factor are the only calibration parameters in the model that have been adapted empirically and linearly every 20 years to the end of the century in order to fit the evolution of the glacier morphology and the projected increase of debris cover as precisely as possible. Model and calibration are more rigorously described in the companion article (Uhlmann et al., 2012) .
Results and discussion
Simulations with RS3.0 have been undertaken with perturbed input data from 1976 to 2086, using a daily time step. The aim is to give a comprehensive view throughout the 21st century of 110 years of variations in discharge, changes in seasonality and flow duration as well as modifications in glacier contribution to total runoff, in ice surface area and thickness. Figure 2 illustrates the 110 years of runoff through to the end of the century with daily discharge values in grey and averaged yearly discharge values in black. The graph can be divided into three main phases, corresponding to the visual changes in trend of the average smoothed yearly discharge. During phase one, which lasts more than 55 years, runoff first exhibits a rather stationary trend for a few years where λ remains weak. It highlights the attempt of the glacier -which is the main driver for runoff in this catchment -to reach an equilibrium with an almost steady state climate (Benn and Lehmkuhl, 2000) by modulating changes of ice thickness and maintaining fairly constant its water discharge. The slight climate forcing during this first years, however, enhances sufficiently melting processes to prevent a reduction of runoff, a process that would in fact occur if climate were to remain unchanged as shown by Uhlmann et al. (2012) . From about the hydrological year 1980-1981 and for more than 50 years onwards, the average yearly runoff shows a more pronounced increasing trend. The mean annual discharge of decade 6 rises by 19.4% compared with the mean annual discharge of decade 1. During this time, discharge values are dominated by the glacier melt which is responding to progressively higher temperatures, thereby resulting in much more water at the outlet. The slight projected increase in precipitation by the RCM also contributes to this additional amount of water. In this phase, variations in the daily weather largely govern variations in runoff. As a consequence, it induces climate internal variability and discharge displays large fluctuations from one day to another. In phase two, runoff declines vary regularly (−14% between decades 6 and 10). This decrease can be attributed to the fact that the size of the glacier is unable to act as the primary control on water flows anymore. During phase three, the decrease in runoff is dramatic (−30% between decades 10 and 11), showing the almost total withdrawal of the glacier's influence. From decades 1 to 11, runoff at the outlet of the catchment has finally decreased by 28%. The next potential phase would probably show an attempt of the system to reach a new equilibrium at a lower level of discharge. The precipitation regime is gradually driving the amount of discharge, exceeding the influence of the glacier on runoff.
In Figure 3 , a hydrological year of daily discharge averaged on a decade illustrates shifts in seasonality representative for the baseline climate period (decade 1), the maximum discharge period (decade 6) and the greenhouse climate period (decade 11). For the baseline climate period, no runoff is modelled in winter, while the peak flows occur in summer. For the maximum discharge period, the flow of water is higher throughout almost the entire year, with the same amplitude of dayto-day variation compared with the first period (standarddeviation of 1.8 and 1.9, respectively). During spring, runoff is 1-2 m 3 s −1 larger, indicating that the snow is melting earlier and more rapidly. The melt of the glacier from the end of May to the end of July induces generally larger values of discharge compared with the baseline climate period. In addition, the low-water flows occur later in the season. During the greenhouse climate period, the discharge is still high from the end of May to the end of June due primarily to the snow melt, while the rest of the curve has flattened out because of the reduced input of ice melt. The average yearly discharge represents about 60% of that of the maximum period. The day-to-day variation in runoff has been largely reduced as well (standard deviation of 0.9), reinforcing the idea that water available in the catchment has become scarce, therefore attenuating the possible contrasts from one day to another. In addition, low-water flows more rarely reach the null value during winter contrary to what they do under current conditions, which denotes that ice and snow melt longer throughout the year in the warmer climate. This also contributes to the levelling off of runoff, since the range of possible daily values is reduced. The annual cycle of runoff in this watershed is therefore transformed from an ice melt dominated regime to a more snow melt and pluvial one.
Concerning the discharge amount, the differences between the periods are also pronounced. The flow duration curves which show the percentage of time that a given flow rate is equalled or exceeded are represented in Figure 4 for the same periods as those illustrated in Figure 3 . Flows during the maximum discharge period are generally higher by about 1 m 3 s −1 for 5-50% of the time, consequently showing a large increase in runoff for high and mid-range flows compared with the baseline climate period. However, the parts of the curves corresponding to extreme high values (the first 5% of the time) are very similar. This indicates that the additional ice melt of the maximum discharge period does not necessarily imply more exceptional discharge values but increases the frequency of mid-range values. The curves of the low-range flows are very close as well. Again, the curve corresponding to the greenhouse climate period is a much smoother one, with maximum values representing generally half of the baseline climate ones. In contrast, mid-range and low flows exhibit somewhat higher values. This can be explained by an enhanced potential for ice and snow melt in a warming climate as well as an increase in precipitation. By comparing the curves for the baseline climate and for the greenhouse climate, it is clear that high flows follow opposite trends to low flows: strong discharge will occur less frequently, while the period of null-water flows will be shortened as there will be more fall and winter runoff.
The repercussions of climate change on ice melt contribution to total runoff can be further investigated through RS3.0. In Figure 5 Figure 5 . Evolution of the contribution of ice melt runoff (light grey) to total runoff (dark grey) during one hydrological year. Runoff is averaged on a decade representative of the baseline climate period (decade 1, graph a), the maximum discharge period (decade 6, graph b) and the greenhouse climate period (decade 11, graph c).
hydrological year of the baseline climate period corresponds to 27% of total runoff. The highest proportion of ice melt flows takes place in the fall season. During the maximum discharge period ( Figure 5(b) ), the yearly contribution of ice melt water increases up to 46% in average and the largest percentages of ice flows are observed not only in fall but also by mid-summer. For example in August, the contribution of ice melt discharge is 10% higher during this period than it is during the baseline climate period. Concerning the greenhouse climate period ( Figure 5(c) ), the starting point of the ice melt flow is also located at the beginning of June but the glacial contribution to total runoff (35%) is not the predominant one anymore. An earlier onset by 27 d in June of glacial runoff is projected for the greenhouse climate period as well. Figure 6 highlights the fact that glaciers are among the most sensitive and visible expressions of climate change. It shows the evolution of the glacier surface, as well as the six successive glacial elevation bands of the largest part of Findelen Glacier, classified by ascending order of altitude. In terms of the total glacier surface area, a continuous glacier retreat can be observed throughout the century. From the beginning to the end of the simulation, the glacier has lost 91% of its surface. The decrease of the ice area accelerates during the last two decades, when the warming climate begins to take a serious grip on processes while at the same time the amount of ice still remains significant. Among the six chosen elevation bands of the watershed presented in Figure 6 , the first one shows a very rapid decline. Its modest thickness and its relatively low altitude make it more vulnerable to a warmer climate. Again, a tailing off of the decrease in ice thickness is observed when the band has almost disappeared, indicating that the lack of ice volume decelerates the glacier flux. Bands 2, 3 and 4 follow the same decreasing trend but the tailing off is less obvious, probably because they are much larger and the glacier velocity can be maintained despite the reduction of thickness. Bands 5 and 6 are the only ones that show a slight ice expansion or stable level of ice thickness during the first decades. Because of their high altitude, and the fact that the accumulation of precipitation is expected to increase in an atmospheric environment where temperatures will remain below the freezing point even in a warmer climate, the ice thickness can actually increase or remain constant. Rapidly, however, the increasing trend are reversed; because the lower bands are narrowing rapidly, the entire glacier dynamics will be altered, even at high elevations where a warmer climate does not normally have any direct impact on ice melt processes.
For the end of the century, these findings are consistent with previous studies in various Swiss glacierized basins (e.g. Horton et al., 2006; Schaefli et al., 2007; Huss et al., 2008; Kobierska et al., 2011) reporting shifts in seasonality, decrease in glacier contribution and in total runoff. In this perspective, the present analysis can be seen as representative for high mountain catchment areas with similar characteristics. Such methodological approach has, however, the advantage of enabling a precise and continuous quantification of glacier-fed runoff in a warming climate that could be applied in other ice-covered regions.
Conclusions
A numerical hydrological model has been used with a long time series of temperature and precipitation input data to simulate continuously the potential future discharge of a highly glacierized catchment in the Swiss Alps in a progressively warmer climate. The obtained results show first an increase in runoff with a maximum level of discharge during the years 2026-2036, followed by a large decrease in discharge where changes in climate are much more significant. From the first decade of the studied timeframe to the last one, discharge at the outlet generally decreases by 28%, whereas the contribution of ice melt to total runoff is not the predominant one anymore. The changes in the melt timing and amount of the Findelen Glacier remain the dominant factor that governs flow amount: it first amplifies the discharge and generates shifts in seasonality. Then the fact that the glacier loses 91% of its surface by the end of the century leads the annual cycle of runoff to a nivo-pluvial dominated regime.
It should be noted here, that the SRES A2 scenario used for this study leads to one of the greatest responses in climate projected by the IPCC. One should therefore keep in mind that the runoff trends simulated here depict an extreme outcome of climate change. Moreover, as mentioned earlier in this article, only the results of the HIRHAM RCM have been used. A comparison with other scenarios and other models would provide a range of possible outcomes not necessarily as 'pessimistic' as the one described here. However, the methodology described in this article remains simple to implement and the findings give a comprehensive insight of the evolution of discharge throughout the century. A future step would be to open up the present methodology to the entire watershed of the Grande Dixence and to investigate the economic and energy-relevant impacts of climate change on this catchment area.
Changes in discharge amount will have important indirect impacts on the Grande Dixence catchment area as a whole. The consequences will be first positive for hydroelectric potential, as more water will be made available for energy production. Shifts in seasonality and peak discharge may imply, however, rethinking the management and operation of the hydropower infrastructure. Furthermore, the additional melt and rain water in the environment may also require reviews to flood control procedures. However, at the end of the analysed timeframe, the flattening and decrease of the discharge curve will have negative repercussions for this exploited watershed, since water will become scarcer, despite a projected slight increase in precipitation. Water shortages could even become problematic, especially during hot and dry summers, as the glacier melt water will no longer be able to sustain discharge. As a result, hydropower utilities will need to consider a contrasted future composed of challenging economic issues where adaptation measures will be inevitable.
